C. neoformans var. grubii (C. neoformans) is an environmentally acquired pathogen causing 181 000 28 HIV-associated deaths each year. We used whole genome sequencing (WGS) to characterise 699 29 isolates, primarily C. neoformans from HIV-infected patients, from 5 countries in Asia and Africa. We 30 found that 91% of our clinical isolates belonged to one of three highly clonal sub-clades of VNIa, 31 which we have termed VNIa-4, VNIa-5 and VNIa-93. Parsimony analysis revealed frequent, long 32 distance transmissions of C. neoformans; international transmissions took place on 13% of VNIa-4 33 branches, and intercontinental transmissions on 7% of VNIa-93 branches. The median length of 34 within sub-clade internal branches was 3-6 SNPs, while terminal branches were 44.5-77.5 SNPs. The 35 short median internal branches were partly driven by the large number (12-15% of internal 36 branches) of polytomies in the within-sub-clade trees. To simultaneously explain our observation of 37 no apparent molecular clock, short internal branches and frequent polytomies we hypothesise that 38 C. neoformans VNIa spends much of its time in the environment in a quiescent state, while, when it 39 is sampled, it has almost always undergone an extended period of growth. Infections with VNIa-93 40 were associated with a significantly reduced risk of death by 10 weeks compared with infections 41 with VNIa-4 (Hazard Ratio = 0.45, p = 0.003). We detected a recombination in the mitochondrial 42 sequence of VNIa-5, suggesting that mitochondria could be involved in the propensity of this sub-43 clade to infect HIV-uninfected patients. These data highlight the insight into the biology and 44 epidemiology of pathogenic fungi which can be gained from WGS data. 45 46 3
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Previously, we have undertaken several prospective, descriptive and randomised controlled 91 intervention trials in Southeast Asia and East/Southeast Africa. Here, we used whole genome 92 sequence analysis of 699 Cryptococcus isolates to describe the population structure of C. 93 neoformans causing disease in these populations, in high resolution, and combine this information 94 with metadata from these trials to relate this to disease phenotype. 95 5
Results

96
We sequenced 699 Cryptococcus species complex isolates from Vietnam (n = 441), Laos (n = 73), 97 Thailand (n = 40), Uganda (n = 132) and Malawi (n = 13). Of these, 682 
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A phylogenetic tree ( Figure 1 ) was derived from the 325812 variant positions in the core genome of 111 the 863 C. neoformans VNI. Of the novel C. neoformans isolates presented here, 668 were VNIa 112 (98.5%), 10 were VNIb (1.5%); none were VNIc. Figure 1 shows that the population structure of VNIa 113 is dominated by three common and highly clonal sub-clades, while VNIb and VNIc are more 114 heterogenous. VNIa, VNIb and VNIc isolates were isolated from 14, 10 and 2 countries on 5, 6 and 1 115 continent(s), respectively ( Supplementary Tables 2 & 3) 
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Phylogenetic analysis of sub-clades within VNIa
134
We performed fine-scale genomic epidemiological analyses of VNIa for every sub-clade with at least 135 50 isolates from this study, i.e. VNIa-4, VNIa-5 and VNIa-93. These sub-clades accounted for 89.3% of 136 the total isolates in our study, with VNIa-4 accounting for 41%, VNIa-5 for 29% and VNIa-93 for 20%.
137
To maximise the phylogenetic resolution within these sub-clades, within sub-clade reference 
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HIV infection status had no significant association with the terminal branch length of ST5 isolates.
190
We had only 5 environmental strains in our dataset (one VNIa-4 and four VNIa-5), and they had a 191 similar mean terminal branch length (75 SNPs). There were 263, 294 and 31 variants (1.5%, 1.8% and 192 0.4% of total) which occurred more than once on different terminal branches in VNIa-4, VNIa-5 and 193 VNIa-93. However, most of these (VNIa-4, 52%; VNIa-5, 60%; and VNIa-93, 65%) were in intergenic 194 regions (i.e. not in coding sequence, 3' or 5' UTR or introns). We manually investigated any gene Table 4 ). For VNIa-4, 14 of 29 (48%) polytomies were international (i.e. strains in the 206 polytomy were isolated from more than one country) and 1 (3%) of these was intercontinental. For 207 VNIa-5, 10 of 24 (42%) polytomies were international and 6 (25%) were intercontinental. For VNIa-208 93, 4 of 21 (19%) polytomies were international and 1 (5%) of these was intercontinental. The 
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We found a lack of clock like evolution within all three sub-clades. The slope of the trend-line 223 between time of isolation and root to tip distance was negative for both VNIa-4 and VNIa-5. There 224 was a poor correlation between time of isolation and distance from the root in the tree for all three 
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The most striking incongruity between the mtSNP and the whole genome data was in the placement 294 of VNIa-5. In the whole genome tree, VNIa-5 is within the VNIa group with VNIa-4 as its sister taxa. In 295 16 contrast, in the mtSNP tree, VNIa-5 is an outgroup, even in relation to VNIb and VNIc. There was a 28 296 bp sequence, intergenic between CNAG_09008 and CNAG_09009 (positions 19441 to 19469 of the 297 mtSNP sequence, NC_018792.1), which contained 8 variants, present in every VNIa-5 in the dataset. underlie their success? Secondly, the C. neoformans reference strain, H99, belongs to VNIb, which 323 accounts for fewer than 1.5% of the clinical isolates in our study. We suggest that it may be useful to 324 the Cryptococcus research community to consider including more representative isolates (i.e. from 325 VNIa) in detailed laboratory investigations.
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There is very little novel diversity observed in the C. neoformans in our study 
336
C. neoformans undergoes frequent transfers between continents 337
The phylo-geography of VNIa is characterised by each lineage being predominantly but not 338 exclusively found in a single country or continent. While our sampling is exclusively from Asia and 339 Africa, and is therefore not globally representative, VNIa-4 and VNIa-5 were predominantly Asian 340 (97% and 89%), and VNIa-93 was predominantly African (64%). This finding is consistent with 341 previous reports, with particular STs having been reported to be more common in certain countries, 
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We found no correlation between root-to-tip phylogenetic distance and time since isolation in any of 381 the three main VNIa sub-clades. One reason for the lack of a molecular clock could be the fact that C. 
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Large numbers of polytomies in C. neoformans phylogeny 431 One reason behind the short average internal branch length was the high number of polytomies in 432 each sub-clade. A polytomy is a section of a phylogeny that cannot be fully resolved into 433 dichotomous branching events. When observed in a phylogeny, they can either be due to a lack of 434 information which allows the true relationship to be revealed (a 'soft' polytomy) or due to more 435 than 2 simultaneous 'speciation' events (a 'hard' polytomy). As we are using reference genomes that 436 are on average 277-361 SNPs from the isolates, in a ~19 Mbp genome, it seems unlikely that we are 437 lacking SNP information that would resolve these polytomies. The lowest percentage coverage of 438 the H99 reference genome in our analysis was 95%, indicating that the vast majority of the genome 439 is being interrogated in these analyses. Therefore, the large numbers of polytomies we have 440 observed are likely to be hard polytomies. Of course, at this fine scale, they are not speciation 
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These polytomies occurred throughout the sub-clade trees, both near the tips and deeper in the 445 tree. We showed that the isolates arising directly (i.e. immediate inferred ancestor was a polytomy) 446 from the same polytomy could be remarkably diverse in their spatio-temporal distribution. The 447 maximum difference in isolation time between two isolates arising from the same polytomy was 10 448 years, and the average ranged between 1 and 5.5 years for the different sub-clades. This temporal 449 22 spread is not that surprising, considering the extended latent period of infection, and the lack of 450 molecular clock in C. neoformans. What is more surprising is that 14-49% of polytomies result in 451 infections of patients from different countries, and 3-25% result in infections of patients on different 452 continents. This means that polytomies are unlikely to be entirely explained by exposure of all 453 patients to the same point source of infectious propagules. One biological process which could 454 explain these polytomies is long distance transmission of quiescent propagules. In other published 455 studies, there were very few phylogenetically informative SNPs (two between 10 strains) reported in 456 Cryptococcus gattii VGIIa, although the authors ascribed this to lack of sampling; it is unclear to us 457 how the addition of further isolates will provide information which further differentiates these 
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One interesting difference between the VNIa-5 isolates and the rest of VNIa was identified in the 497 mitochondrial sequence. We observed a small recombination event which introduced 8 SNPs which 498 were present in every VNIa-5 isolate and absent in every non-VNIa-5 isolate. The most likely 499 candidate for the donor sequence was chromosome 5 of the C. neoformans nuclear genome, which 500 encodes a sequence which varies by only 1 bp from the 21 bp putative recombinant fragment. While 501 24 this has not been previously described in the literature, since these positions were not mixed, and 502 the reads containing the divergent sequence mapped well to the mtDNA, we deem it likely that the 503 mitochondrial sequence has been accurately re-constructed, while the origin of the divergent 504 sequence is much less certain. That this change occurs in the mitochondrion is particularly intriguing components. K-means clustering was run on the first two principal components, with values to K 552 between 2 and 10. The total within-cluster sum of squares was plotted for each K, and the number 553 of clusters determined as the 'elbow' in the plot of K vs total within-cluster sum of squares. As the 554 previously described VNIb and VNIc were grouped into one cluster in the analysis of the first two 555 PCs, the same analysis was carried out on the 3 rd and 4 th PCs, which separated these two established 556 lineages. 
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Phylogenetics analysis
